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ABSTRACT IgM-bearing B lymphocytes with mature
phenotype (CD10~ CD24'" IgD*) are acquired after birth in
the bone marrow of humans. These B cells are defined here as
relatively large, nondividing lymphocytes, variable propor-
tions of which express cell surface molecules indicative of
relatively recent activation. Analysis of Vg5, (heavy chain
variable region) gene transcripts indicated point mutations
throughout the Ig variable region from the mature IgM* B
population but not from the immature B cells in the bone
marrow. The mutations were concentrated in the complemen-
tarity determining regions, and amino acid substitutions were
favored over silent mutations, findings indicative of antigen
selection within germinal centers in peripheral lymphoid
tissues. The Vg sequence analysis also revealed the existence
of clonal relatives in individual bone marrow samples. These
antigen-experienced lymphocytes did not secrete Ig sponta-
neously but could be induced to do so ir vitro. The data suggest
that a subpopulation of memory B lymphocytes generated
during antigen responses recirculates to the bone marrow in
humans.

B cells are generated in the bone marrow after a transient
phase of production in fetal liver and, to a lesser extent, in
other embryonic tissues (1-5). B lymphopoiesis is a lifelong
process in the bone marrow in humans (5) although studies in
mice suggest a dramatic age-related decay of this differentia-
tion pathway (6). Newly formed B cells in the bone marrow are
sensitive to antigen receptor cross-linking, a characteristic that
favors elimination of self-reactive B-cell clones (7). B cells that
escape this negative selection migrate to the peripheral lym-
phoid tissues.

B cells are also positively or negatively selected in the
periphery when they encounter environmental antigens.
Within the germinal centers formed in peripheral lymphoid
tissues during an immune response, antigen-presenting den-
dritic cells and peptide/major histocompatibility complex class
II-reactive helper T cells drive the B-cell response (8-11).
During this process, B-cell clones proliferate, diversify their Ig
variable [V(D)J] gene regions via somatic hypermutation, and
are selected for increased affinity for antigen (8-11). Some of
the clonal progeny in germinal centers switch their Ig heavy
chains from IgM to other Ig isotypes (12). The germinal center
interactions thereby culminate in the generation of antigen-
selected memory B cells and mature plasma cells that produce
isotypically diverse antibodies of relatively high affinity.

Representatives of the earliest stages in the B-cell pathway,
including pro-B, pre-B, and immature B cells, prevail in the
bone marrow during fetal life whereas mature B cells predom-
inate in the bone marrow of adults (5, 13, 14). The transition
is initiated in early childhood when a subpopulation of B cells
with the mature phenotype CD10~ CD24"° IgD* begins to
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accumulate in the bone marrow to become the predominate
B-cell subpopulation in adults (5). These B cells are charac-
terized in the present study as an antigen-selected population
of memory B cells that may have resided previously in the
peripheral lymphoid tissues.

MATERIALS AND METHODS

Cell Suspensions. Bone marrow cells were prepared (5)
from rib and long bone specimens obtained from healthy
kidney donors and aborted fetuses in accordance with policies
established by an institutional review board for human exper-
imentation.

Antibodies and Immunofluorescence Flow Cytometry. The
mouse mAb against human CD95 (u isotype) was obtained
from Upstate Biotechnology (Lake Placid, NY), the anti-
CD74 (y1) and anti-CD75 () mAbs were from Zymed, the
anti-CD77 mAb (rat w) was from Immunotech (Westbrook,
ME), the phycoerythrin (PE)-conjugated anti-CD71 (yl) mAb
was from Leinco Technologies (Ballwin, MO), and the fluo-
rescein isothiocyanante-conjugated (FITC) anti-CD10 (y2a),
anti-CD34 (y1), anti-CD3 (1) and PE-conjugated anti-CD5
(y2a), anti-CD22 (y2b), anti-CD23 (yl), anti-CD25 (v1),
anti-CD38 (y1), anti-CD54 (y2b), anti-CD69 (y1), and anti-
CD80 (yl) mAbs were from Becton Dickinson Immunocy-
tometry Systems. Biotin-conjugated peanut agglutinin (PNA)
was obtained from Vector Laboratories, and the biotin-
conjugated goat antibodies to human IgM and mouse IgGl,
FITC-conjugated goat antibodies to rat Ig, and PE-conjugated
goat antibodies to human IgD and IgM were from Southern
Biotechnology Associates. Viable cells were stained with
FITC-conjugated mAbs, with the PE-conjugated mAbs for
two-color immunofluorescence analysis, and then with the
addition of biotin-conjugated antibodies and streptavidin PE/
CYS5 (Southern Biotechnology Associates) for three-color
staining. Cells were incubated with Hoechst 33342 dye (6
pg/ml; Molecular Probes) and counterstained for cell surface
antigens for cell cycle analysis. Flow cytometric analysis of cells
with lymphocyte light scatter characteristics was performed
with a FACScan instrument (Becton Dickinson). Positive- and
negative-cell sorting and cell cycle analyses were performed
with a dual laser FACStarP'*s (Becton Dickinson).

Ig V(D)J Region Cloning and Sequencing. Total RNA was
isolated from sorted subpopulations of bone marrow cells by
a single-step method with Tri-Reagent (Molecular Research
Center, Cincinnati), and cDNA was prepared using oligo(dT)
as primer and avian myeloblastosis virus reverse transcriptase.
The cDNA-encoding, rearranged V5-51, one of two functional
nonpolymorphic members of the Vi5 (heavy chain variable
region gene) family (15, 16), was amplified by PCR using
primers specific to the leader sequence of the V5-51 (5'-

Abbreviations: PE, phycoerythrin; PNA, peanut agglutinin; CDR,
complementarity determining regions.
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AGAATTCGGTCAACCGCCATCCTCG-3" or 5'-CTCCT-
CCTGGCTGTTCTCC-3') and to the first exon of the C,
region (5'-GGAGAAAGTGATGGAGTCGGG-3', 5'-CTG-
TGAGGTGGCTGCGTACTT-3', or 5'-GGTGCTGCTGAT-
GTCAGAGTT-3’). Annealing was at 57°C for 30 cycles of
PCR. PCR products were visualized by electrophoresis on 1%
agarose gels containing 5 pg/ml ethidium bromide. Reactions
that failed to generate visible bands were reamplified via a
nested or semi-nested PCR primer protocol using 1 ul from the
first reaction as template. PCR products of two to four
independent reactions were pooled, and ~600-bp fragments
purified by the Wizard PCR purification system (Promega)
were ligated into pCRII vector (Invitrogen). Competent bac-
teria were transformed and selected according to the manu-
facturer’s instructions. Plasmids from positive transfectants
were prepared by alkaline lysis, and the presence of appropri-
ately sized insert was confirmed by EcoRI restriction enzyme
digestion. Plasmid DNA (5 ug) was sequenced in both direc-
tions using the Sequenase II kit (United States Biochemical)
and the sequencing primers SP6 (5'-ATTTAGGTGACAC-
TATA-3"), T7 (5'-TAATACGACTCACTATAGGG-3'), and
H14 (5'-ATTCTCACAGGAGACGAG-3').

Tissue Culture. Negatively sorted subpopulations of bone
marrow mononuclear cells were plated at a density of 1 X 104
B cells in 200 ul of RPMI 1640 medium/10% fetal bovine
serum. The cultures were supplemented with supernatant (40
wl) from peripheral blood lymphocytes cultured for 3 days with
phytohemagglutinin (10 pg/ml).

Ig Measurement. Supernatants from cultures of bone mar-
row cells were deposited in duplicate onto nitrocellulose filters
(Schleicher & Schuell), and adherent Ig was detected as
described (17). Exposed film was analyzed using a FUJIX
(Tokyo) Bas 1000 phosphoimager. The values were corrected
for background and converted to micrograms per milliliter by
interpolation onto the standard curve constructed using pu-
rified RS3-1 mAb (mouse y1).

RESULTS

Mature B Cells with Variable Activation Features Accumu-
late with Age in the Bone Marrow. Analysis of the distribution
of the immature (CD10*) and mature (CD10~) subpopula-
tions of IgM* B cells (Fig. 14) confirmed an age-related
increase in the proportion of mature phenotype B cells in the
bone marrow (Fig. 1B). Cells of mature B cell phenotype were
relatively rare in fetal bone marrow (1.8 = 0.5% of IgM ™ cells)
but increased to represent the majority of IgM* B cells in the
bone marrow of individuals over 20 years of age (71.5 =
14.3%). Assessment of relative cell size by light scatter analysis
indicated that the CD10~ B cells were larger than the imma-
ture CD10* B cells (Fig. 1C). Nevertheless, analysis of their
DNA content indicated that 99.8% of the mature subpopula-
tion of bone marrow B cells were in the Gy/G; phase of the cell
cycle (Fig. 1D).

To assess the activation status of the relatively large CD10~
B cells, a diverse array of cell activation markers was used. A
variable proportion of the CD10~ B cells in adult bone marrow
samples expressed intermediate to late activation markers
(Fig. 2; Table 1). The acute activation markers CD69 and
CD80 (B7-1) were rarely expressed, but transferrin receptors
(CD71), a more sustained feature of activation (18), were
frequently expressed. Over 95% of the CD10~ IgM™ cells in
bone marrow expressed the CDw75 antigen, high levels of
which are found on activated B cells in the germinal centers
(19). The bone marrow CD10~ B cells also expressed CD38 at
low levels, similar to those found on germinal center B cells
(20, 21), but had lower levels of PNA than typically seen on
germinal center B cells (22). The mature subset of bone
marrow B cells was negative for CD77, a cell surface molecule
expressed on germinal center centroblasts (20) and on cells
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Fic. 1. The CD10~ IgM™ cells in the bone marrow are relatively
large, nondividing cells that accumulate with age. (4) Representative
dot plot of bone marrow lymphocytes stained with anti-IgM and
anti-CD10; 5000 events are displayed. (B) Analysis of the frequency
of CD10~ IgM™ cells in bone marrow as a function of age, expressed
as proportion of total IgM* bone marrow lymphocytes. Each dot
represents a separate tissue sample. (C) Relative cell size of CD10~
IgM™* lymphocytes (solid line) and CD10* IgM* lymphocytes (dotted
line) as estimated by forward light scatter; 5000 events are displayed.
(D) Flow cytometric analysis of DNA content of CD10~ IgM*
lymphocytes in adult bone marrow; 10,000 events are displayed.

entering apoptosis (23). On the other hand, it frequently
expressed the CD95/Fas antigen (57 = 14.2%), indicative of
potential susceptibility to Fas ligand-induced apoptosis. The
individual variation was greatest in one of the seven bone
marrow samples, in which 95% of the mature B cells expressed
a transferrin receptor (CD71) and 20% expressed the acute
activation marker CD69, suggesting that this exceptional sam-
ple contained recently activated cells. Mature B cells in other
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Fic. 2. Phenotypic characterization of the CD10~ IgM™ bone
marrow population. Bone marrow cells were stained with a panel of
mAbs to activation and B-lineage markers. Lymphocytes, gated on the
basis of forward and side light scatter and CD10~ IgM* immunoflu-
orescence characteristics, were analyzed; 5000 events are displayed.
Dashed, open histograms represent background fluorescence, and
solid histograms represent staining, with the activation and B-lineage
markers indicated. The bone marrow donor was 46 years old.
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Table 1. Cell surface antigen expression by adult CD10~ IgM™
bone marrow cells

Antigen Mean *= SE* Antigen Mean * SE*
CD23 495 +21.2 IgD 83.7+ 133
CD69 42 %65 PNAT 39.0 7.1
CD30 0.7 0.6 CD38t 65.1 = 15.5
CD71 51.1 =246 CD95 57 £14.2
CDw75 96.7 = 3.0 CD77 0.1 +0.0
CD54 233 +19.9 CD22 921174
CD25 05*+04 CD5 23.0+74

*N = 7 for most antigens assayed.
TDetectable as a fluorescence shift, not as a discrete population.

bone marrow samples rarely expressed CD69, and the fre-
quency of CD71 expression ranged from 34 to 74%.
Variable Region [V(D)J,.] Genes Are Often Hypermutated
in Mature Bone Marrow B Cells. The phenotypic character-
istics of the mature subpopulation of bone marrow B cells
suggested that they could be derivative of a germinal center
immune response despite the lack of isotype switching. To test
this possibility, RNA from the mature (CD10~ IgM*) and
immature (CD10" IgM™) subpopulations of bone marrow B
cells that was converted to cDNA and V(D)J sequences of
representative clones amplified by PCR were examined for
evidence of somatic mutations. For this analysis, transcripts
encoded by the V5-51 gene, one of the two functional non-
polymorphic Vy5 genes (15, 16), were examined. The se-
quences of randomly selected Vy5 clones derived from the
immature subpopulation of B cells did not indicate significant
deviation from the germ line V5-51 sequence (Fig. 3). In
contrast, the sequences of V5-51 clones obtained from the
mature bone marrow subpopulation of IgM™* B cells from five
individuals frequently contained point mutations (Fig. 3), most
of which were transition-type mutations, with G to A transi-
tions predominating (20.5%), as previously noted for somatic
hypermutation of V(D)J genes (20, 24, 25). Analysis of the
point mutations (8) indicated preference for those resulting in
amino acid replacement mutations over silent mutations (Fig.
3). The point mutations were distributed throughout the
framework, complementarity determining regions (CDR), and
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J regions, but replacement mutations were more frequent in
the CDR regions when normalized for length. The replace-
ment/silent mutation ratios for CDR1 and CDR2 of the V5-51
clones were 4.5 and 3.1, respectively, whereas those for frame-
works 1, 2, and 3 were 2.2, 2.4, and 5.1, respectively. Compar-
ison of the sequences from individual bone marrow samples
indicated the presence of clones sharing the same V(D)J rear-
rangement while having distinct patterns of point mutations. The
clone pairs 1A4 and 1A11, 2A5 and 2A3, 5A25 and 5A16, 48A1
and 48A10, 54A12 and 54A13, and 54A2 and 54A10 isolated
from five individual bone marrow samples appeared to be rela-
tives in that they shared the same J regions, identical CDR3
regions, and most, but not all, point mutations (Fig. 4).
Limited ir Vitro Survival and Ig Production by CD10~ IgM™*
Bone Marrow Cells. The mature IgM* B cells in adult bone
marrow exhibit the characteristics of B cells that have partic-
ipated in an antigen response within germinal centers of
peripheral lymphoid tissues and expressed the Fas antigen, so
we wished to determine whether they were able to survive and
undergo plasma cell differentiation. The CD10~ IgM* bone
marrow cells were isolated for this in vitro analysis by a negative
selection procedure (which included removal of the CD34~
and CD10" early B-lineage cells) to avoid altering the activa-
tion status of the target B cells. CD3" T cells, which accounted
for 10-15% of bone marrow lymphocytes, were also removed
in some experiments. Approximately 60% of these T cells were
CD8", and they frequently expressed the acute activation
marker CD69 (50 = 17%), whereas the CD4™ T cells were
rarely CD69* (15 + 8%); ~25% of both T cell CD4* and
CD8* subpopulations expressed the transferrin receptor CD71.
Mature B cells, thus negatively isolated from bone marrow
samples (n = 4), were maintained alone or in the presence of
autologous T cells and cytokines produced by activated T cells.
Regardless of the culture conditions, >90% of the B cells died
within 4 days. The CD10~ IgM* B cells alone did not produce
Ig, irrespective of whether T-cell-derived cytokines were sup-
plied or not. However, when cultured together with autologous
bone marrow T cells and T-cell-derived cytokines, IgM was
produced in levels ranging from 0.4 to 23.6 ug/ml (12.0 = 9.6

pg/ml).
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Diagrammatic representation of cloned sequences from CD10~ IgM* (4) and CD10* IgM™ (B) bone marrow B cells. For each clone, the line
represents the deduced germ line V5-51 amino acid sequence. Solid boxes represent replacement amino acid mutations, and open boxes represent
silent amino acid mutations. The J region gene of each V region clone is indicated; subscripts A, B, and D designate alleles.
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FiG. 4. Related clones of CD10~ IgM* bone marrow cells in individual donors. Sequence comparison of the V5-51, Ju4g, and Ju5g germ line
sequences with clones isolated from sorted CD10~ IgM* bone marrow cells. Each set of related clones was isolated from an individual bone marrow

donor.

DISCUSSION

These studies indicate that mature B cells in the bone marrow
of adults represent a dynamic population of lymphocyte clones
that have undergone prior stimulation, somatic diversification,
and antigen selection. These events typically occur within
germinal centers, so the data imply prior sojourn in the secondary
lymphoid tissues and recirculation to the bone marrow.

This recirculating population of IgM™* B lymphocytes can be
readily distinguished from the immature B cells generated in
situ by the lack of CD10 (neutral endopeptidase), diminished
CD24 (heat-stable antigen), and expression of IgD (5). The
present results confirm the postnatal acquisition of B cells with
mature phenotype in the bone marrow and indicate that they
are relatively large, but nondividing, lymphocytes. A signifi-
cant proportion of these express cell surface molecules reflec-
tive of prior activation, such as the transferrin receptor CD71,
CD23, and the CDw75 antigen, high levels of which are
expressed by cells in the light zone of germinal centers (19). A
variable proportion of the mature B cells in the bone marrow
expressed lower levels of PNA relative to the high PNA levels
typical of germinal center B cells. The CD10~ IgM™ bone
marrow cells thus resemble germinal center B cells although
their phenotypic profile does not match precisely with that of
any of the germinal center B-cell subpopulations (20, 26, 27)
or that of memory B cells in the circulation (28). The pheno-

typic profile thus suggests that this bone marrow B-cell pop-
ulation includes a mixture of more or less recent B-cell immi-
grants of germinal center origin that may have undergone phe-
notypic modification before or after entry into the bone marrow.

A defining feature of the mature B-cell population charac-
terized here is IgM expression, thereby excluding from our
study clonal members that might have undergone an isotype
switch in germinal centers. Somatic hypermutation of the Ig
VI and V(D)Jy genes is an important feature of germinal
center B cells (8-11, 24, 29-31), and our analysis of this
possibility focused on B cells expressing one of the two
functional V5 genes. The results indicate that CD10~ IgM™*
bone marrow cells have extensively mutated V(D)J regions
with preference toward replacement amino acid mutations in
the CDR, a pattern that typically evolves during antigen
selection of germinal center B cells (8, 24, 29, 30). The
mutation frequency observed for the Ig variable region bases,
3.3 = 2.9%, is typically seen late in an immune response (24)
and contrasts with unmutated germ line sequences of the V5
transcripts observed in the immature CD10* IgM™ B cells.
Mutational levels similar to these have been reported for [gM
transcripts in B cells from human spleen and blood (31-33).

It is interesting to note that clonal relatives with the same
V(D)J regions, but having some unique point mutations, were
found in each of the five bone marrow samples examined in this
way. Together with the variability in activation status of the
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mature B cells in bone marrow, the relatively high proportion
of clonally related cells in this population at a given point in
time suggests that clones of B cells undergoing variable region
hypermutation and antigen selection in germinal centers may
migrate to the bone marrow in waves. It is also possible that the
mutations may have occurred in situ because recent evidence
indicates that inefficient hypermutation can occur in the
absence of germinal centers (34, 35). However, the extensive
hypermutation and the lack of cell division noted for the
CD10~ IgM™* cells suggest that affinity maturation did not take
place in situ. The data also suggest that this mature B-cell
population in bone marrow does not represent a pool of
memory cells acquired gradually over a lifetime of immune
responses but rather represents a dynamic population continually
updated by the influx of recently generated memory B cells.

Variable region point mutations begin to accumulate in
murine germinal centers ~1 week after primary immunization
(24), and, by 3 weeks, IgM transcripts contain as many
mutations as the IgG transcripts (36). Murine B lymphoblasts
originating in germinal centers of peripheral lymphoid tissues
may home to the bone marrow, where they undergo differen-
tiation into antibody-secreting plasma cells (37-39). The ger-
minal center cells that are capable of emigrating to the bone
marrow in mice have been characterized by high levels of PNA
expression and spontaneous secretion of specific antibody
when placed in culture (38), characteristics that were not found
for the mature B cells in human bone marrow. If the CD10~
IgM™ B cells migrating from germinal centers to the bone
marrow had received the necessary instructions to differenti-
ate into plasma cells, they would be expected to undergo
spontaneous differentiation (40). Instead, the CD10~ IgM* B
lymphocytes were unable to undergo spontaneous differenti-
ation into antibody-secreting cells although some manifested
this differentiative capacity when given appropriate T-cell
help. The current data thus indicate that these memory B cells
must receive additional environmental signals before they can
undergo terminal differentiation within the bone marrow or
elsewhere. In conclusion, our data implicate human bone
marrow as an important destination in the route of recircu-
lating memory B cells. Further analysis of their homing
receptors, duration of bone marrow residence, and ultimate
fate is needed for an understanding of clinical disorders, such
as multiple myeloma, in which aberrant B lineage cells accu-
mulate in the bone marrow.
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